Abstract: Because of the low energy requirement and the environmentally safe byproducts, the capacitive deionization water desalination technology has attracted the attention of many researchers. The important requirements for electrode materials are good electrical conductivity, high surface area, good chemical stability and high specific capacitance. In this study, metallic nanoparticles that are encapsulated in a graphite shell (Cd-doped Co/C NPs) are introduced as the new electrode material for the capacitive deionization process because they have higher specific capacitance than the pristine carbonaceous materials. Cd-doped Co/C NPs perform better than graphene and the activated carbon. The introduced nanoparticles were synthesized using a simple sol-gel technique. A typical sol-gel composed of cadmium acetate, cobalt acetate and poly(vinyl alcohol) was prepared based on the polycondensation property of the acetates. The physiochemical characterizations that were used confirmed that the drying, grinding and calcination in an Ar atmosphere of the prepared gel produced the Cd-doped Co nanoparticles, which were encapsulated in a thin graphite layer. Overall, the present study suggests a new method to effectively use the encapsulated bimetallic nanostructures in the capacitive deionization technology.
Introduction
A shortage of fresh water is one of the largest challenges in the world today. Therefore, desalination technologies must be developed. In the last four decades, the number and capacities of desalination units have dramatically increased such that multi-stage flash (MSF) and reverse osmosis (RO) make up 45% and 42%, respectively, of world capacity [1] . Nevertheless, this increase only accounts for one percent of the world's water use, mainly because of the cost [2] . Most existing technologies, such as reverse osmosis and distillation, require a lot of energy. Even nuclear power is too expensive for desalination; in fact, nuclear power is the most expensive water supply option. Among various introduced technologies for water desalination, capacitive deionization (CDI) is a very promising process. CDI (also called electrosorption) attracts enormous atten-tion as an energy-saving and environmentally friendly desalination technique: it can be conducted at ambient conditions and low voltage without secondary waste, and it does not require high-pressure pumps, membranes, desalination columns or thermal heaters [3] [4] [5] [6] . CDI is a technology that is used to remove the dissolved salts from water using the electrosorption of ions onto oppositely charged electrodes. Typically, a brackish water stream flows between pairs of high-surface-area electrodes, which are held at a small potential difference (∼1.3 V). Cations and anions are drawn toward the cathode and the anode, respectively [7] .
A high-capacitive electrode should have a high surface area to accumulate ions, a good electrical conductivity to effectively hold charges, a suitable pore size and a good cross-linked structure for smooth ionic motions and electrolyte wetting [8, 9] . Carbon materials such as activated carbon (AC) and its composites [10, 11] , activated carbon cloth (ACC), carbon aerogel [12, 13] , carbon nanotubes (CNT) and its carbon nanofiber (CNF) composites [14] , and ordered and mesoporous carbon (OMC) [8, 15] have been studied as electrode materials for CDI. Recently, because of their distinct characteristics, graphene [16] and its composites [3, [17] [18] [19] have been used by some researchers as effective electrodes for CDI and have yielded better results than other carbonaceous materials.
In addition to the aforementioned required characteristics of CDI electrode materials, the capacitance also has a strong effect; thus, researchers began synthesizing carbon-based composites to improve the specific capacitance, and this new class of materials shows good performance. For example, MnO 2 distinctly improves the performance of some carbonaceous materials [17, 20] . Other materials have also been used to enhance the capacitance of different carbonaceous materials such as ZnO [21] and TiO2 [22, 23] .
Pristine metal nanoparticles (NPs) are expected to have higher electrical conductivity than metal oxides. However, there are two main dilemmas with using pristine metallic NPs in the CDI units: the low chemical stability in water for most conventional metals and the low semiconducting characteristic of the pristine metallic NPs, which leads to a small capacitance. Poly(vinyl alcohol) (PVA) is a semi-crystalline compound with a relatively high carbon content (approximately 54.5%), and it easily splits the hydroxyl groups in the polymer chain, which makes PVA favorable as a precursor to produce carbonaceous materials. However, the low yield is the main constraint. The decomposition of PVA at temperatures slightly higher than its melting point causes the low carbonization yield. Recently, it was reported that cobalt distinctly enhances the graphitization of PVA and produces metallic nanostructures that are embedded in a graphite shell [24, 25] . The formed graphite shell strongly enhances the chemical stability, which overcomes the first dilemma. In addition, Cd-doped Co NPs have high specific capacitance [26] . Therefore, the Cd-Co-C system can be a suitable candidate for the CDI process
The introduced catalyst in this study was synthesized using a simple sol-gel technique with poly(vinyl alcohol), cobalt acetate and cadmium acetate as the precursors. To properly evaluate the introduced material, the results were compared to those of activated carbon and graphene, which was prepared using the chemical route [27] . The introduced NPs showed higher desalination performance than graphene and activated carbon.
Experimental

Materials
To prepare Cd-doped Co/C NPs, cobalt (II) acetate tetra-hydrate (CoAc, 98% assay Junsei Chemical Co., Ltd, Japan), cadmium acetate dihydrate (CdAc, 99.0% assay, Sigma Aldrich), and poly(vinyl alcohol) (PVA, molecular weight = 65000 g/mol, DC Chemical Co., Ltd, South Korea) were used without modification. Distilled water was used as a solvent. However, graphene was synthesized using graphite powder (<20 µm), hydrogen peroxide, hydrazine monohydrate and sulfuric acid (95-97%), which were purchased from Sigma-Aldrich. N,N-dimethylformamide (DMF 99.5% assay; SAMCHUN Pure Chemical Co., South Korea) was used as a solvent without modification.
Procedures
Cd-doped Co/C nanoparticles
To prepare the CdAc/CoAc/PVA sol-gel, 22.5 g of PVA (10 wt%), 5 g of CoAc (20 wt%) and 2.5 g of CdAc (20 wt%) aqueous solutions were well mixed; the final colloid was stirred at 50℃ for 5 h. The well mixed gel was dried in two successive steps. First, it was dried under atmospheric pressure at 60℃ for 24 h, then under high vacuum atmosphere at 80℃ for 48 h. The obtained solid material was crushed and grinded. The calcination process was performed under argon atmosphere at 1 atm and 700℃ for 5 h with a heating rate of 2.3℃/min.
Preparation of graphene oxide (GO)
Graphene was chemically prepared by reducing exfoliated graphene oxide (GO). The GO was synthesized from natural graphite powder using a modified Hummer's method [28, 29] . A brief description of the procedure: 5 g of graphite, which were treated twice with 5% HCl, were placed in cold (0℃) concentrated H 2 SO 4 (130 mL); 15 g of KMnO 4 were gradually added to the mixture in an ice bath and stirred for 2 h; after the dilu-tion with the DI water, the temperature was increased to 98℃; the mixture was cold to room temperature; then, H 2 O 2 (50 mL, 30 wt%) was added, and the mixture was left overnight. The mixture was filtered under vacuum and washed with 10% aqueous HCl several times. Finally, it was dried at 50℃.
Reduction of the exfoliated GO
In a 250 mL round flask, 400 mg of the prepared GO were dispersed in 200 mL distilled water and ultrasonicated for 30 min; then, 0.5 mL of hydrazine hydrate were added to the suspended GO and microwaved at 1100 W for 6 min. The bright yellow solution changed to black, which indicated that the reduction process occurred. The precipitated graphene sheets were filtered and washed with distilled water many times; then, they were drayed at 50℃ for 24 h.
Characterization
The information about the phase and the crystallinity was obtained using a Rigaku X-ray diffractometer (XRD, Rigaku, Japan) with Cu Kα (λ= 1.5406 A) radiation over the Bragg angle range of 10-100
• . Normal-and high-resolution (HR) images were obtained using a transmission electron microscope (TEM, JEOL JEM-2010, Japan), which was operated at 200 kV and equipped for Energy dispersive X-ray spectroscopy (EDS) analysis. The surface composition was detected using X-ray photoelectron spectroscopy analysis (XPS, AXIS-NOVA, Kratos Analytical, UK) with the following conditions: the base pressure was 6.5×10 −9 Torr, the resolution (pass energy) was 20 eV, and the scan step was 0.05 eV/step. The Raman spectra were measured using a Nanofinder 30 spectrometer (Tokyo Inst. Co., Japan), which was equipped with a He:Ne (lambda = 633 nm) laser, and the scattering peaks were calibrated with a reference peak from an Si wafer (520 cm −1 ). The Raman spectra were recorded under a microscope with a 40x objective in the range of 0-1600 cm-1 and a power of 3 mW at the sample. The thermal properties were studied using a thermal gravimetric analyzer (TGA, Pyris1, PerkinElmer Inc., USA). The electrochemical measurements were performed on a VersaSTAT 4 (USA) electrochemical analyzer and a conventional three-electrode electrochemical cell. A Pt wire and an Ag/AgCl electrode were used as the auxiliary and the reference electrodes, respectively. All potentials were quoted regarding to the Ag/AgCl electrode. A glassy carbon electrode was used as the working electrode. The working electrode was prepared by mixing 2 mg of the functional material, 20 µL of the Nafion solution (5 wt%) and 400 µL of isopropanol. The slurry was sonicated for 30 min at room temperature. Fifteen microliters of the prepared slurry was poured onto the active area of the glassy carbon electrode, which was then dried at 80℃ for 20 min.
Results and discussion
Characterization of Cd-doped Co/C nanoparticles Some metal salts such as chloride, nitrate and acetates can be hydrolyzed and polycondensed to form the gel networks. Using these salts, a viscous polymer can enhance the formation of the gel morphology. In this study, acetate salts were used (typically cobalt and cadmium acetates), and PVA was used as a polymeric matrix. The polycondensation reaction can be explained as follows [30] .
n where M is Co or Cd. The used precursors formed a good gel, which was dried, ground and calcined as described in the experimental section. The achieved polycondensation operation helps obtaining a highly homogeneous solution and a good distribution of the used metal precursors. The drying of the prepared solgel evaporated the water and yielded a solid material, which could be ground in several steps. The typical XRD pattern of the calcined powder is shown in Fig. 1 (200), (220) (311) and (222) crystal planes, indicate the formation of cubic crystalline cobalt (JCDPS, card no 15-0806). In addition, the broad peak at the 2θ value of 26.3
• corresponds to an experimental d spacing of 3.37Å, which indicates the presence of graphite-like carbon (d (002), JCPDS; 41-1487). The XRD spectra also show that no cobalt oxide or carbide phases were present. The peaks that are related to cadmium compounds might be absent because the produced cadmium-based nanoparticles (NPs) were small.
The TGA in the argon atmosphere was performed to explain the formation mechanism of pure cobalt from cobalt acetate/PVA composite. The formation of pristine metal upon heating some metal acetate in an inert atmosphere was previously reported [25, 33] . The corresponding phase changes could be supported by thermo-gravimetric studies. The phase changes were examined using the peaks in the first derivative of the TGA curve. Figure 2 shows the TGA results for the CdAc/CoAc/PVA powder in the argon atmosphere. To precisely study these steps, the first derivative data were determined and demonstrated in the same figure.
As shown in the first derivative data, there are many apparent peaks in the curve; the first and the second peaks (at ∼70℃ and ∼175℃, respectively) can be attributed to the liberation of physical (moisture) and chemical (combined water molecules with CoAc and CdAc) water from the sample, respectively [25, 34] . In fact, the decompositions of CoAc and CdAc are not similar. For example, CdAc decomposes directly to metallic cadmium as follows [34] , The metallic cadmium that was formed during the decomposition is notably active and instantaneously reacts with the oxygen that was formed in the same reaction or with traces of oxygen in the inert atmosphere to form CdO. Moreover, it is expected that the remaining cadmium metal will evaporate during the calcination process, which was performed at 700℃, because it has a low melting temperature (320℃). Therefore, the cadmium acetate is believed to fully decompose among the first three peaks in the first derivative curve (Fig. 2) . However, CoAc decomposes in successive steps. First, the basic cobalt acetate is formed [35] .
Because the obtained cobalt basic acetate is relatively more stable, it needs more heat to decompose. The third peak (at ∼225℃) can be attributed to the decomposition stage of this compound according to the following reaction:
Because the maximum weight loss is obtained at approximately 225℃, according to the thermal decomposition data of pristine PVA [25] , it is acceptable to say that this peak also represents the destruction of this polymer. The broad peak (at ∼510℃) can be attributed to the decomposition of the synthesized cobalt carbonate into cobalt monoxide (Eq. (6)). Note that the resulting acetic acid in Eq. (3) decomposes into some gases including reducing gases (CO and H 2 ) [35] . Thus, the formed cobalt oxide is reduced to cobalt metal. Accordingly, the following reactions occurred at this broad peak
Then, a low-rate reduction reaction occurred, which explains the continuous decrease in weight after the last peak. This result implies that the reduction of cobalt monoxide occurs at a small rate in a wide temperature range. Because cobalt is an active transition metal, we cannot expect the formed cobalt monoxide to thermally self-decompose at the used temperature without the aid of a reducing gas (or gases); this conclusion is consistent with reaction (7).
XPS is a unique elemental analysis technique that can provide the chemical-state information of the detected elements, such as the difference between the sulfate and sulfide forms of sulfur. The process works by irradiating a sample with monochromatic X-rays, which results in the emission of photoelectrons whose energies are characteristic of the elements in the sampling volume. Figure 3(a) shows the XPS analysis survey of the obtained powder. The survey scans were performed to search for particular elements in the sample. The survey scan indicated the presence of Co 3P3/2 (∼59 eV) [36] , C 1S (∼285 eV) [37] , O 1s and Cd 3d core levels. Figure 3(b), 3(c) and 3(d) show the small-scan-rate investigations at the range of Cd 3d 3/2 , C 1S and O 1S orbits, respectively. According to the XPS data, one can claim that the cadmium in the introduced powder is in the form of CdO, which is consistent with the TGA data analysis. The inset shows that the Cd 3d region (Fig. 3(b) ) consists of the main 3d 3/2 spin-orbit components at the binding energies of 402 and 409 eV, respectively [38, 39] . Moreover, the O 1S peak appeared as shown in Fig. 3(d) , which confirms the formation of CdO. Considering that XPS is a surface analysis technique, from the peak intensities of Co and Cd, one can claim that there is relatively more cadmium than cobalt on the surface of the introduced nanoparticles. Therefore, it can be concluded that the formed CdO in the surface layer came from the oxidation of Cd vapor as mentioned in the TGA data discussion. Figure 4 displays the TEM images of the obtained powder. As shown in the figures, metallic nanoparticles that are enclosed in a graphite shell are obtained. Note that the distance between the graphite layers was determined to be 0.32 nm, which almost matches the standard value of 0.335 nm [40] . The average thickness of the graphite shell is approximately 4.5 nm. Moreover, from Fig. 4(b) , one can claim that the metallic nanoparticles are sheathed inside a good-crystallinity thin graphite layer. The envelopment of the cobalt nanostructures in the graphite shell was introduced by the same authors [25] . A good electric conductivity is an important parameter for electrocatalytic materials. Current-voltage plots can provide significant information regarding a material's conduction mechanisms and breakdown strengths. Figure 5 shows the I-V plots for a thin film from the introduced material on the silicon substrate. The I-V plot clearly resembles the metallic conductors. This finding indicates the high conductivity of the formed graphite shells and confirms the formation of metallic NPs as the main constituent of these materials.
Reduced graphene oxide characterization
Graphene is an intriguing 2D monolayer carbon sheet whose distinct properties make it notably promising in various applications. Since the first report of graphene production using a mechanical exfoliation method, many techniques that are broadly classified as top-down and bottom-up syntheses have been developed. Among the various reported methods to produce graphene, the chemical reduction of graphite oxide (GO) or chemically converted graphenes is an established, low-cost, scalable and highly flexible method to chemically functionalize graphene materials [41, 42] . Therefore, in this study, the chemical route was selected. An important property of GO, which is introduced by the hydrophilic nature of oxygenated graphene layers, is its easy exfoliation in aqueous media. As a result, GO readily forms stable colloidal suspensions of thin sheets in water [43] . After a suitable ultrasonic treatment, such exfoliation can produce stable dispersions of notably thin graphene oxide sheets in water [41] . Therefore, the colloidal suspension of the GO that was prepared with ultrasound was clear, homogenous, and stable. When the obtained GO sheets were dispersed in water for the hydrazine reduction, the brown-colored dispersion of the GO solution became black and the reduced sheets aggregated and eventually precipitated. The reduced sheets precipitated presumably because they became less hydrophilic as a result of the oxygen removal.
The XRD analysis can be used to confirm the graphene preparation. The graphitic structure is usually assigned to a sharp peak at the 2θ value of 26.5
• , which is indexed to the [002] crystal plane [44] . However, when graphite is oxidized to graphite oxide, a new diffraction peak appears at 2θ of 10.5
• , and the diffraction peak disappears [002] [44] . The reduced graphene oxide shows a broad peak that can be fitted using a Lorentzian function into three peaks, which are centered at 2θ = 20.17
• , 23,78
• and 25.88
• , which correspond to the interlayer distances of 4.47, 3.82 and 3.53Å, respectively. These XRD results are related to the exfoliation and reduction processes of GO and the processes of removing intercalated water molecules and the oxide groups [29, 45] . The observed broaden peak indicates the smaller crystalline size of graphene in the single-layer or few-layer structure. Accordingly, from Fig. 6 , which represents the XRD pattern of the obtained powder, one can claim that the obtained powder is composed of graphene. Thus, the chemical procedure to prepare graphene was successfully achieved. Raman spectroscopy is a spectroscopic technique that is used to observe the vibrational, rotational, and other low-frequency modes in compounds. Most graphene preparation reports chose Raman spectroscopy to confirm their conclusions. The Raman spectrum of the pristine graphite displays a prominent G peak at 1581 cm −1 , which corresponds to the firstorder scattering of the E 2g mode [46] . In the Raman spectrum of GO, the G band is broadened and shifted to 1594 cm −1 . In addition, the D band at 1363 cm −1 becomes prominent, which indicates that the in-plane sp2 domains become smaller because of the extensive oxidation. The Raman spectrum of the graphene produced from the GO reduction also contains both G and D bands (at ∼1580 and ∼1350 cm −1 , respectively); however, this graphene has a higher D/G intensity ratio than GO. This change suggests a decrease in the average size of the sp2 domains after the exfoliated GO was reduced [46] . Figure 7 displays the Raman spectrum of the prepared reduced graphene oxide. As shown in the figure, the pattern typically matches the standard graphene Raman spectrum; both G and D bands appear at the reported locations. Moreover, its D/G ratio is higher than one, which further supports the formation of graphene. Figure 8 shows the normal and the HR TEM images for the prepared reduced graphene oxide. The exfoliation clearly appears in Fig. 8(a) . Moreover, the HR TEM image in Fig. 8(b) indicates that the formed graphene is multilayer (approximately 3 layers as shown in the image). 
Capacitive deionization performance
In general, cyclic voltammetry (CV) is employed to evaluate the potential of the materials used for CDI, and the specific capacitance can be calculated accordingly [16, 47] . Figure 9 displays the CV results for an electrode (typically, a single electrode is used for all measurements), which was made of the introduced nanoparticles at different NaCl concentrations (0.1, 0.5 and 1.0 M) at selected scan rates from 10 to 1000 mV/s. Although the introduced NPs have metallic substances, no Faradaic reactions were observed for the used electrodes, which indicates that the ions were adsorbed on the electrode surface by forming an elec-tric double layer via a Coulombic interaction instead of electrochemical reactions [15] . The voltammograms are nearly rectangular in the applied potential ranges, where the current quickly leveled off after the potential sweep reversed. An ideal capacitor would create a rectangular shape on a cyclic voltammogram [48] . The shape of the curves becomes more rectangular as the scan rate increases, whereas the voltammetric currents simultaneously increase. These results imply that at low potential scan rates, the electrolytes have sufficient time to accumulate and arrange on the surface, which significantly contributes to the formation of the double-layer capacitance [49] . Therefore, the electrosorption deionization becomes more efficient [47] .
Among various carbonaceous materials, graphene attracts the attention of many researchers because of its distinct physical properties. The high surface area and the excellent electrical properties of graphene make it a suitable electrode material in the CDI units. Figure 10 displays the CV analyses of the introduced Cd-doped Co/C NPs and graphene in the 0.1 M NaCl solution at different scan rates. As shown in the figures, at low scan rates, graphene exhibits a disordered rectangular shape that may be explained as follows: (i) Faradic reactions occur at these relatively low scan rates [50] , (ii) the diffusion of ions in the electrode is limited [51] , and (iii) the reduction of GO to the reduced graphene oxide is incomplete. However, the introduced nanoparticles exhibit a better rectangular shape. Moreover, graphene responses to lower current than the Cd-doped Co/electrode particularly at high scan rates because they have different specific capacitances. Note that activated carbon is the most common material to evaluate the performance of any reported material used in CDI in comparison to the CV results, and graphene and its composites always exhibit higher performances [3, 18, 44] . In our study, activated carbon was also investigated (the CV data are shown), and the performance was small compared to graphene. Thus, we measured the specific capacitances of the introduced encapsulated nanoparticles, the activated carbon and the prepared graphene electrodes at the used scan rates. From the CV, the specific capacitance can be estimated as follows [17, 52] ,
where C is the specific capacitance (F/g), v is the scan rate (V/s), m is the mass of the active material (g), I is the current density (A), and V is the corresponding voltage (V). In this study, a numerical integration model was established to estimate the specific capacitance at every scan rate as follows,
where N is the number of points in the CV cycle. As shown in Fig. 11 , the introduced NPs have higher corresponding specific capacitance than graphene and activated carbon. At low scan rates, the introduced NPs and graphene have almost identical specific capacitances (206.1 and 205.5 F/g at 10 mV/s, respectively), which is higher than the corresponding value of the activated carbon (120 F/g). However, at higher scan rates, the introduced NPs have higher specific capacitances than the two carbonaceous materials. In addition, the introduced NPs display good specific capacitance stability at high scan rates, which makes the carbonaceous materials adequate to be used as electrodes in the CDI units. Note that the electrosorption capacitance is generally high at lower scan rates because the diffused ions from the solution can more easily access the electrode surface, which leads to more surface adsorption/desorption of ions [8] . However, at high scan rates, the effective inner-surface adsorption of ions is accordingly reduced. Overall, one can claim that the successful encapsulation of metallic nanoparticles in a graphite sheath strongly enhances their chemical stability. Furthermore, the metallic counterpart in the introduced NPs improves the specific capacitance compared to the carbonaceous materials. Generally, the enhanced performance of the introduced NPs can be attributed to the high electrical conductivity and the high specific capacitance [26] . Thus, the introduced NPs can be good electrode material in CDI units. In this study, the full electrochemical and physicochemical characterizations are introduced; however, more work is required to properly evaluate the introduced NPs in a prototype scale, which is our plan in the near future.
Conclusion
Cadmium-doped cobalt nanoparticles in a graphite shell can be prepared by calcination of a powder that is obtained by drying and grinding a sol-gel. The sol-gel is composed of cadmium acetate, cobalt acetate and poly(vinyl alcohol) in an argon atmosphere at 700℃. Because of the graphite shell, the introduced NPs can be used as effective electrodes in capacitive deionization instruments. Because of the bimetallic counterpart, the introduced NPs perform better than graphene. The metallic constituent enhances the specific capacitance, which positively affects the ion electrosorption process.
